The stygobitic crayfish Procambarus cavernicola and Procambarus oaxacae reddelli and the epigeal crayfish Procambarus olmecorum were maintained in laboratory conditions in order to compare their oxygen consumption rates by measuring the decreasing oxygen concentration. These closely related species belong to the same subgenus and live in nearby caves and surface streams located in the same karstic region found in northern Oaxaca, Mexico. The consumption rates were monitored in laboratory conditions during fifteen hours in water maintained at 208C without food. Significant differences among the species were found. Although these species live in similar conditions of total darkness during their life cycles, P. cavernicola had the higher oxygen consumption rate; this is a result of being slightly conditioned to oxygen partial pressures of the experimental bottle. Procambarus oaxacae reddelli showed a lower oxygen consumption rate strongly correlated to the oxygen partial pressure of the water. The epigeal P. olmecorum was used as a control and showed a consumption rate slightly conditioned to oxygen partial pressures that was lower than the consumption rate of P. cavernicola. The differences in consumption rates between the stygobitic species in relation to the characteristics of the caves where they live and their adaptation degree to cave life are discussed.
In general, aquatic cave animals have shown a decrease in oxygen consumption when compared with their closely related epigean species (Korzhuev, 1950; Dickson and Franz, 1980; Hüppop, 1986; Gillieson, 1996) . This is caused by three main factors: their adaptation to low levels of oxygen, the relative constancy of the environmental conditions combined with a lack of predators, and the general food scarcity (Hüppop, 1985) . There are many signals that let us know about the species' level of adaptation to its environment. These include behavioural, physiological, biochemical, and morphological adaptations, which are all related directly to the expenditure of energy (Hochachka, 1980; Culver, 1982; Hüppop, 1985) . We think that the reduction in the oxygen consumption rate is also an indicator of the level of adaptation to the environment.
The geographical location of the cave is important when estimating the energy available to the organisms due to the import of food, mainly by bats. Also, the level of adaptation is an indicator of the time these animals have been inhabiting the cave. The animals studied in comparative analyses should inhabit a specific geographical area where the selection pressure with respect to cave adaptation may be similar (Mitchell, 1969) .
Unfortunately, there are few opportunities to compare metabolic rates between closely related hypogean and epigean species, because most stygobitic species are relicts (Holsinger, 1988, Botosaneanu, and Holsinger, 1991; Malard and Hervant, 1999) . However, some studies of metabolic rate have been made comparing stygobitic decapods with their respective congeners (Burbanck et al., 1948; Eberly, 1960; Caine, 1978; Franz, 1978; Dickson and Franz, 1980) . These studies have found a lower metabolic rate in cave crustaceans than in epigean ones. Some studies used whole animals, and others used only some appendages, such as the gills, to measure the oxygen consumption rate.
The stygobitic crayfish Procambarus cavernicola and Procambarus oaxacae reddelli show several morphological adaptations to cave life not found in the epigeal species Procambarus olmecorum, which include the enlargement of ambulatory appendages, changes in eye structure, and increase of setae on several parts of the body (Mejía-Ortíz, 2003) . The purpose of this study is to compare the change in the oxygen consumption rate in relation to decreasing oxygen concentration to find out the adaptation level of these species to cave life. We used two stygobitic and one epigeal crayfish closely related geographically and phylogenetically (Mejía-Ortíz et al., 2003) to discern which stygobitic crayfish species may be best adapted to cave life and to discuss possible causes.
MATERIALS AND METHODS
Stygobitic crayfish P. cavernicola was collected from Gabriel Cave located at 188279250N 968409340W, at 110 m. This cave has two entrances and several pools with an important oxygen input by diffusion, averaging oxygen concentrations between 50% to 60% saturation. The water temperatures vary from 188 to 228C ( x ¼ 208C). The cave is also inhabited by bats. Procambarus oaxacae reddelli inhabits the Nacimiento del Río San Antonio Cave, located at 18828980N 96838960W at 90 m, in the Sierra San Antonio. This cave has only one entrance that is under water almost all year round, limiting the oxygen input. The water has an average oxygen concentration between 40% to 45%. Water temperatures range from 198 to 218C ( x ¼ 20.48C). During the dry season, the cave is also inhabited by an important amount of bats. The epigeal crayfish P. olmecorum is from Mojarra Hill Stream, originating at 311 m at the top of the hill, at 18825960N 96839920W. Here the average oxygen concentration oscillates between 60% to 70% during rain season, and the water temperature fluctuates from 188 to 238C ( x ¼ 20.78C) (Mejía-Ortíz, 2003) .
Adult specimens were exclusively collected for this analysis. Before the experiments, they were acclimatized for five days in water at 208C without food. Other conditions were total darkness for cave crustaceans, and natural illumination for epigeal ones. This was done to avoid drastically differing circumstances thus preserving natural metabolism. After this period, we maintained the organisms separately for a final acclimatization in water at 208C for 12 hours before the experiments to avoid handling stress. Water for acclimatization and experiments was from their native caves and filtered with micropore filtering systems to remove microorganisms. The crayfish were then incubated during 15 hours without food. Ten experiments were performed with P. cavernicola (sizes from 52.5 to 61.5 mm; x ¼ 55.1 mm) and ten with P. olmecorum (sizes from 52.3 to 69.5 mm; x ¼ 58.5 mm), but only eight experiments were performed with P. oaxacae reddelli (sizes from 56.4 to 69.2 mm; x ¼ 63.6 mm), due to difficulty in sampling. Of these experiments, one individual of each species of similar size and in intermolt period was used. In all cases 1000-mL bottles were used, covered with black cloth for total darkness, and put in an incubator at 208C. The experimental bottle included an oxygen sensor that was connected to a dissolved oxygen meter YSI 5000, with a precision of 0.01 mg/L and 0.1% saturation; these units were converted to lmol O 2 and kilopascals. Dissolved oxygen data were recorded every 30 minutes and stored in the memory of the meter. This allowed the consumption to be calculated for each hour.
The organisms were weighed live before and after the experiment, frozen, and placed on foil discs, which were then placed in an oven for 48 hours at 708C, and then in a muffle furnace at 4508C for an hour. The dry weight and the ash weight were measured employing an analytic balance (Sartorius 6 0.000 l g).
Estimates for the consumption rate were calculated by the following formulae:
Where C ox is the concentration of oxygen at time one; E ox is the concentration of oxygen after an hour in the experimental bottle, and AFDW is the ash free dry weight of the organisms expressed in grams. The data obtained from the oxygen consumption experiments were analysed. First, the consumption rate per hour was determined for each experiment, then the rates were compared among all experiments initially identifying intrapopulation variance by rate and sex using the ANOVA procedure and choosing those with similar rates, and then interpopulation comparisons in relation to oxygen saturation percentage were made, including only those values of consumption rate where oxygen saturation was greater than 50% oxygen saturation. The data was graphed logarithmically in order to compare linear relationships.
RESULTS
Procambarus olmecorum (epigeal species) Experiments 1 and 10 showed higher average oxygen consumption rates compared to the others (Fig. 1) . When the oxygen consumption rates were analyzed by the ANOVA test (F ¼ 19.27, P , 0.05), significant differences were found. The mean values of oxygen consumption rate for remaining experiments ranged between 8.25 and 20.55 lmol O 2 * g À1 * hour À1 . Using two-way ANOVA for all ten experiments, no significant differences were found. When the crayfish were devided into two classes, male and female, two-way ANOVA found no significant differences (females x ¼ 15.27, males x ¼ 12.22 lmol O 2 * g À1 * hour À1 , F ¼ 1.60, P . 0.05).
Procambarus oaxacae reddelli (stygobitic species) Experiment 4 showed a higher average oxygen consumption rate than the others (Fig. 2) . Using the ANOVA test (F ¼ 26.96, P , 0.05), significant differences among all experiments were found. Excluding experiment 4, the mean values of oxygen consumption rate for each experiment ranged between 6.37 and 8.96 lmol O 2 * g À1 * hour À1 . Analyzing all ten experiments with two-way ANOVA showed no statistical differences (F ¼ 0.12, P . 0.05). However, the females have an average consumption lower (30 lmol O 2 * g À1 * hour À1 ) than males (73 lmol O 2 * g À1 * hour À1 ).
Procambarus cavernicola (stygobitic species) Experiments 6 and 7 showed higher average oxygen consumption rate values compared to the others (Fig. 3) , exhibiting significant differences (F ¼ 51.40, P , 0.05). The 
Comparison of Oxygen Consumption Rates
Among the Three Species Juxtaposition of the average consumption rates among the species showed P. cavernicola with the highest consumption rate, 48.27 lmol O 2 * g À1 * hour À1 , P. olmecorum with a rate of 22.39, and P. oaxacae reddelli with the lowest average consumption rate, 9.79. Differences were significant by ANOVA (F ¼ 68.62, P , 0.05).
The relationships between consumption rate and oxygen partial pressures for the three species showed significant differences among slopes and intercepts. For P. oaxacae reddelli, the oxygen consumption rate depended most on oxygen saturation; the other two species showed less dependence on oxygen concentration as illustrated by lower slope values (Fig. 4, Table 1 ).
DISCUSSION
The food supplies, the relative constancy of environmental conditions, and the adaptation to low oxygen concentration are considered to be the main causes of the differences in the oxygen consumption rates between epigean and hypogeal species (Hüppop, 1985) . Several authors have mentioned that a lower consumption rate of oxygen is considered an adaptation to the conditions of cave life, which include the scarcity or abundance of food (Poulson 1971; Caine, 1978; Culver, 1982; Hüppop, 1985) . One major food source is bat guano, which promotes the scarcity of oxygen in the medium.
Two main conditions prevail in the caves inhabited by the crayfishes studied. Procambarus oaxacae reddelli inhabits a cave that is under water almost all year round, so the oxygen diffusion is restricted, resulting in an average oxygen partial pressures of 49.4 kPa. In contrast P. cavernicola inhabits a cave with various levels and small pools, that facilitate high oxygen diffusion from the air, resulting in average the oxygen partial pressures of 64.58 kPa. Both caves are also inhabited by bats, which carry in seeds. A minor food source are the roots of vegetation that grow down through the ground and into the cave (Mejía-Ortíz, 2003; Mejía-Ortíz et al., 2003) . Another important factor influencing the consumption rate is the size and weight of studied animals. Although adult animals of similar sizes were used, we found important differences in the ash free dry weight analyses of the organisms among the individuals from the same species. Those experiments that showed higher consumption rates among all experiments (Figs. 1, 2, 3) were those where the animals had lower ash free dry weight values.
The present study found significant differences between females and males of the same stygobitic species, whereas the epigeal species showed no significant difference. The P. cavernicola males had a significantly greater consumption rate than females. The consumption rate for the P. oaxacae reddelli males was slightly greater than in females, but was not statistically significant. In this case, the size along with the stage of reproductive development is the factor promoting the differences.
In general, the oxygen consumption rate is interpreted as a physiological adaptation to cave life (Barr, 1968) and has been reported with lower values for several diverse species of hypogeal crustaceans, including Niphargus virei, Gammarus minus, Stanasellus virei, Niphargus rhenorhodanensis and Spelaegriphus lepidops (Grindley and Hessler, 1971; Hervant, 1996; Hervant et al., 1996 Hervant et al., , 1997 Hervant et al., , 1998 Hervant et al., , 1999a . While studying crayfish, Burbanck et al. (1948) reported lower values for Cambarus setosus when compared with its respective epigeal congeners. Gannon et al. (1999) found similar results in the cave-dwelling crayfishes Procambarus pallidus, Procambarus erythrops, and Troglocambarus maclanei and the surface-dwelling crayfish Pacifastacus leniusculus.
This study finds the stygobitic species P. cavernicola to have a greater oxygen consumption rate than a related Fig. 4 . Comparison of relationships between Log Consumption rate and Log Oxygen partial pressure for the same species. The upper line represents P. cavernicola (circles), the middle line represents P. olmecorum (asterisks), and the lower line represents P. oaxacae reddelli (crosses). epigeal species, P. olmecorum, whilst the stygobitic species P. oaxacae reddelli has the lowest oxygen consumption rate of all three. These characteristics have been reported for other animals (Schlagel and Breder, 1947; Culver and Poulson, 1971; Humphreys and Collis, 1990) . It is suggested in these reports that oxygen consumption rate is not universally reduced in subterranean organisms, rather it is related to the energetic state of each hypogean system, particularly associated to the amount of bat guano, which is another source of food. We believe this physiological adaptation depends on the energy balance of the cave systems, but is regulated by the amount of oxygen input in the caves and not necessarily food supplies. These results show that in spite of the bat guano, seeds and roots are an important energy sources for these crayfishes; however, we believe the decrease in the oxygen consumption rate for some crayfish species does not necessarily depend solely on the availability of food, as previously reported (Gannon et al., 1999) , because there is another important factor influencing the consumption rate. This factor is the concentration of dissolved oxygen in the water, which is normally low, and is a function of the morphology and hydrological regimen of the cave. It is evident that certain characteristics of the cave (hydrology, morphology, and sizes of passages) determine the amount of oxygen dissolved in the subterranean waters, and subsequently the rate of oxygen consumption, which we consider as an indicator of the level of adaptation to cave life for these three species.
Based on the relationship between the oxygen consumption rate and the oxygen partial pressure for the three species, it can be argued that P. oaxacae reddelli has a higher adaptation level to cave life than P. cavernicola, even though both exclusively inhabit karstic caves that are geographically close. Likewise, we consider the adaptation level to be a potentially significant reference for estimating the evolutionary history of the cave.
